The paper proposes a temperature dependent resistive model of graphene nanoribbon (GNR) based power interconnects. Using the proposed model, IR-drop analysis for 16nm technology node latest by ITRS is performed. For a temperature range from 150 K to 450 K, the variation of resistance of GNR interconnect is ~ 2-5  times lesser than that of traditional copper based power interconnects. Our analysis shows that GNR based power interconnects can show ~ 2-3 times reduction in Peak IR-drop as compared with copper based interconnects for local, intermediate and global interconnects.
INTRODUCTION
IR-drop has been one of most important challenges of power interconnect in sub-nanometer design [1] . It becomes even more challenging for the high density and high performance designs in which it has adverse effects on timing. The increase in chip operating temperature has two-fold effects on timing. Firstly, it increases the interconnect resistance which in turn increases the interconnect delay. Secondly, due to the increase in resistance there is more IR-drop which also increases the gate delay. Therefore, it is very essential to analyze the effects of temperature on IR-drop in sub nanometer designs, since the resistivity of the traditional copper based interconnects increases significantly in nanometer dimensions [2] . GNR is one of the most promising materials for interconnect modeling for future generation technologies [2, 3] due to its excellent properties compared with copper in nanometer dimensions. Recent studies [3] [4] [5] [6] [7] [8] [9] on GNR show its superiority over the traditional copper based interconnect. However, to the best of our knowledge no investigation has been performed to analyze the effects of the temperature on IR-drop in GNR interconnect. In this paper, we have proposed a resistive model of graphene nanoribbon (GNR) power interconnect, which is dependent on temperature. Using the proposed model, we have analyzed the IR-drop in GNR based power interconnects. The rest of the paper is organized as follows. Section-II presents the proposed temperature dependent resistive model of GNR interconnect. The results of IR-drop analysis and conclusions are presented in the Sections-III and IV, respectively.
TEMPERATURE DEPENDENT RESISTANCE MODEL OF GNR INTERCONNECTS
Due to the presence of large quantum resistance of a monolayer-GNR, a multilayer-GNR structure is proposed for modeling nanointerconnect to utilize the long mean free path as depicted in Fig. 1a . Here, width, thickness, height of multilayer-GNR structure are represented by w, t, ht. The separation between two multilayer GNR structures is sp. We have considered w  16 nm and t  32 nm for 16 nm ITRS technology node [2] . Fig. 1b shows the 2D-honeycomb lattice structure of single layer-GNR. The spacing (δ) between two graphene layers is 0.34 nm which is known as van der walls gap [7] . Using (1) we obtain the number of layers as Nlayer  95 for 16 nm technology node. The total resistance of MLGNR (multilayer graphene nanoribbon) interconnect is given by [7] .
(1 )
where lMLGNR is the length of MLGNR based interconnect and λeffective is effective-MFP of MLGNR. Here, effective-MFP is a function of temperature which is modeled in this section. The quantum resistance (RQ) is expressed as [4] 2 2. . In (3) Nch is the total numbers of conducting channels in monolayer-GNR, Nlayer is the number of layers present in multilayer GNR, h is Planck's constant, and e is charge of an electron. The total conducting channels present in monolayer-GNR is expressed in [7] . ,, (
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where 'i' is a positive integer variable, EFe is Fermienergy, T is room temperature, kB is Boltzmann's constant, nc and nv are known as total number of conduction and valance sub-bands. Here, Ei,n and Ei,h are electron and hole energy for i th sub-band as expressed as [7] 2
The total number of channels (Nch) in metallic GNR is equal to 6 [4] [5] 7] . The effective MFP of each layer of GNR depends on three important parameters: electron scattering (e), acoustic phonon scattering (ap) and remote interfacial phonon scattering (rip). Electron scattering does not depend on the temperature, but the other two parameters vary with temperature. The electron scattering e can be expressed as [8] 
Here, defect is a special kind of MFP of graphene.
This MFP is due to the defects present in graphene.
The value of defect is assumed to be 1µm [8] . The acoustic phonon scattering (ap) is expressed as [8] 
In (7) 
Substituting the effective MFP of MLGNR in (2) we obtain the temperature dependent resistance of MLGNR.
RESULTS
Using the temperature dependent resistance model as discussed in previous section, we have calculated the resistance for different interconnect length and different temperature. In Fig. 2 we have shown the temperature dependent resistance of GNR and Cu interconnect for different interconnect length (5 m to 50 m) for 16 nm technology node. GNR shows ~ 2-5  less resistance than that of Cu as shown in Fig. 2 . With the increase in temperature, the effective mean free path reduces, and hence the scattering induced ohomic part of the total resistance of GNR increases. The IR-drop analysis is performed in GNR and Cu interconnects for 5 m (local), 20 m (intermediate) and 50 m (global) interconnect lengths. The analysis is per-formed using equivalent circuit model shown in Fig. 3 [9] . In Fig. 3 , ten identical CMOS inverters are connected in series with temperature dependent resistance for both GNR and Cu. In our analysis, we have assumed the supply voltage as 0.7 V, the input-pulse switches from 0 to 0.7 V for all stages and input-pulse rise and fall time is considered as 100 ps.
The CMOS inverters are designed for 16nm ITRS technology node using the SPICE models from predictive technology model [10] . The CMOS model parameter for 16 nm technology as shown in Table 1 . The circuit simulations for CMOS inverter circuit are performed using the Cadence spectre simulator. All the inverters are switched simultaneously so that they draw current from the power supply. As a result the power supply voltage decreases progressively away from the power pad. The decrease in power supply causes increase in propagation delay through the gate. As the temperature increases, the resistance of the power interconnects increases which causes more interconnect delay. With temperature as the IRdrop increases, the gates suffer more delay problem. Therefore, increase in temperature has twofold increase in delay: one due to increase in interconnect (RC) delay and the other due to increase in IR-drop. 
